Background: Wolbachia, a widespread bacterium that can influence mosquitoborne pathogen transmission, has recently been shown to infect Anopheles (An.) species that are malaria vectors in Sub-Saharan Africa. Although there are studies reporting strains in the An. gambiae complex, the apparent low density and low prevalence rates requires further investigation. In contrast, strains in other species appear higher density allowing a greater understanding of phylogenetics and more accurate determination of prevalence rates in wild mosquito populations.
were constructed from Sanger sequences as follows. The evolutionary history was inferred by using the Maximum Likelihood method based on the Tamura-Nei model [43] . The tree with the highest log likelihood in each case is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting the topology with superior log likelihood value. The trees are drawn to scale, with branch lengths measured in the number of substitutions per site. Codon positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were eliminated. The phylogeny test was by Bootstrap method with 1000 replications. Evolutionary analyses were conducted in MEGA7 [42] .
Wolbachia quantification. To estimate Wolbachia density across multiple mosquito species, RNA extracts were added to QubitTM RNA High Sensitivity Assays (Invitrogen) and total RNA was measured using a Qubit 4 Fluorometer (Invitrogen).
All RNA extracts were then diluted to produce extracts that were 2.0 nanograms (ng)/µL prior to being used in quantitative Reverse Transcription PCR (qRT-PCR) assays targeting the 16S rRNA gene [26] . A synthetic oligonucleotide standard (Integrated DNA Technologies) was designed to calculate 16S rDNA gene copies per µL using a ten-fold serial dilution (Supplementary figure 1) .
16S rDNA gene real time qRT-PCR reactions were prepared using 5 µL of QuantiNova SYBR Green RT-PCR Kit (Qiagen), a final concentration of 1µM of each primer, 1 µL of PCR grade water and 2 µL template DNA, to a final reaction volume of 10 µL. Prepared reactions were run on a Roche LightCycler® 96 System for 15 minutes at 95˚C, followed by 40 cycles of 95˚C for 15 seconds and 58˚C for 30 seconds. Amplification was followed by a dissociation curve (95˚C for 10 seconds, 65˚C for 60 seconds and 97˚C for 1 second) to ensure the correct target sequence was being amplified. Each mosquito RNA extract was run in triplicate alongside standard curves and NTCs and PCR results were analysed using the LightCycler® 96 software (Roche Diagnostics).
Asaia detection. Asaia PCR screening was undertaken by targeting the 16S rRNA gene using primers Asafor: 5'-GCGCGTAGGCGGTTTACAC-3' and Asarev: 5'-AGCGTCAGTAATGAGCCAGGTT-3' [31, 44] . Asaia 16S rDNA gene real time qRT-PCR reactions were prepared using 5 µL of QuantiNova SYBR Green RT-PCR Kit, a final concentration of 1µM of each primer, 1 µL of PCR grade water and 2 µL template DNA, to a final reaction volume of 10 µL. Prepared reactions were run on a Roche LightCycler® 96 System for 15 minutes at 95˚C, followed by 40 cycles of 95˚C for 15 seconds and 58˚C for 30 seconds. Amplification was followed by a dissociation curve (95˚C for 10 seconds, 65˚C for 60 seconds and 97˚C for 1 second) to ensure the correct target sequence was being amplified.
Statistical analysis.
Normalised qRT-PCR Wolbachia 16S rRNA gene copies per µL were compared using unpaired t-tests in GraphPad Prism 7.
Results
Mosquito species and Wolbachia strain prevalence rates. Prevalence rates of natural Wolbachia strains were variable depending on Anopheles species and location ( Table 1) . Wolbachia strains were detected in An. gambiae s.s. mosquitoes from Faranah with prevalence rates ranging from 0.0 -2.9% (termed wAnga-Guinea) and Wolbachia in An. melas (10.7% prevalencetermed wAnMe) and in the only female unidentified Anopheles species 'X' (termed wAnsX) from Senguelen in the Maferinyah sub-prefecture. The molecular phylogeny of the ITS2 gene confirmed molecular mosquito species identification of the unidentified Anopheles species 'X' (Figure 1) and An. melas (Figure 2) . All ITS2 sequences were deposited in GenBank (accession numbers XXXXX -XXXXX) ( Supplementary Table 1 ). The ITS2 fragment sequenced from the unidentified Anopheles species 'X' was most similar to Anopheles sp. 7 BSL-2014 (GenBank accession number KJ522819.1) but at only 93.2% sequence identity, and An. theileri (GenBank accession number MH378771.1) with 90.9% sequence identity (both full query coverage).
Wolbachia strain typing. Although we were able to amplify the 16S rRNA fragments of the natural strain in An. gambiae s.s., we were unable to obtain sequences of sufficient quality and were also unable to amplify the wsp gene. In contrast, we obtained 16S rRNA (Figure 3) and wsp sequences (Figure 4) from both wAnsX and wAnMe strains. Phylogenetic analysis of both genes shows that the wAnsX strain is most closely related to Wolbachia strains of Supergroup B (such as wPip, wAlbB, wAnsA, wAnM, wMa and wNo). In contrast, the wAnMe strain is most closely related to Wolbachia strains of Supergroup A (such as wMel, wAlbA and wAu). Typing of the wAnsX wsp nucleotide sequence highlighted that there were no exact matches to wsp alleles currently in the Wolbachia MLST database (https://pubmlst.org/wolbachia/), and only one of the four hypervariable regions (HVRs) matched a known sequence (HVR3: allele 3). Whereas the wAnMe wsp sequence matched allele 23 within the database ( Table 2) . All Wolbachia gene sequences of sufficient quality to generate a consensus were deposited into GenBank (accession numbers XXXXX -XXXXX) ( Supplementary Tables 2 and 3 ).
MLST was undertaken to provide more accurate strain phylogenies. This was successfully done for the novel Wolbachia strains wAnsX and wAnMe but we were unable to amplify any of the five MLST genes from Wolbachia-infected An. gambiae s.s. from Faranah. New alleles for all five MLST gene loci (sequences differed from those currently present in the MLST database) for wAnsX, and novel allelic profiles for both strains confirm the diversity of these novel Wolbachia strains ( Table 2) Table 2 ). MLST gene fragment amplification was more variable for wAnMe requiring hcpA 'A strain' specific primers (hcpA_F1: GAAATARCAGTTGCTGCAAA, hcpA_AspecR1: TTCTARYTCTTCAACCAATGC) to generate sequence of sufficient quality for analysis of the hcpA gene (hcpA_F1). Concatenation of the MLST loci also confirms wAnMe is closest to strains belonging to Supergroup A, including wMel and wAlbA (as suggested by 16S and wsp gene phylogenies). Consistent with our previous study looking at novel Wolbachia strains in Anopheles species using MLST [24], these results highlight the lack of concordance between Wolbachia strain phylogeny and their insect hosts across diverse geographical regions. Our PCR analysis also did not result in any amplification of CifA or CifB gene fragments for either the wAnsX or wAnMe strains, although we are unable to determine if this could be due to sequence variation preventing amplification given these are novel Wolbachia strains.
Wolbachia strain densities and relative abundance. The relative densities of Wolbachia strains were estimated using qRT-PCR targeting the 16S rRNA gene after first standardising total RNA (ng per reaction). This allowed direct comparisons between phylogenetically diverse Anopheles species and accounts for variation in mosquito body size and DNA extraction efficiency between samples. This also allows a comparison to another novel natural Wolbachia strain present in Cx. watti (termed wWat strain) collected in Maferinyah, the same sub-prefecture of Guinea.
wWat strain gene sequences were deposited into GenBank (accession numbers XXXXX -XXXXX). 16S rRNA qRT-PCR analysis revealed a mean of 1.50E+04 (+/-4.37E+03) 16S rRNA copies/µL for the wAnsX strain in the single individual ( Figure   6 , Supplementary table 4) . A lower mean density was found for the wAnMe strain in An. melas individuals (n=18) with 6.69E+02 (+/-2.34E+02) 16S rRNA copies/µL. We compared the densities to the wWat strain in Cx. watti females also collected in the Maferinyah region and found a mean density of 2.37E+04 (+/-5.99E+03). The density of the wWat strain was significantly higher than the wAnMe strain (Unpaired T-test, p=0.002). Individual An. gambiae s.s. extracts that were identified as The results of this study also highlight the requirement to provide as much genetic information as possible for a newly discovered strain of Wolbachia (particularly low titre infections). The first discovery of Wolbachia strains in wild An. gambiae populations in Burkina Faso resulted from sequencing of the 16S rRNA gene identifying Wolbachia sequences, rather than screening using Wolbachia-specific genes [28] . A more recent comprehensive analysis of the An. gambiae complex through screening of An. gambiae genomes (Ag1000G project) concluded that determining whether a Wolbachia strain is present in a given host based on the sequencing of one gene fragment (often 16S rRNA) is problematic and caution should be taken [29] . In this study, we were only able to amplify a Wolbachia 16S rRNA gene fragment from An. gambiae s.s., which is consistent with numerous recent studies in which low density strains have been detected [23, 25] . As a result, caution must be taken in the biological significance of this strain. Other explanations for the amplification of 16S rRNA gene fragments include Wolbachia DNA insertions into an insect chromosome or contamination from non-mosquito material such as ectoparasites or plants [29] . In contrast to previous studies, we extracted RNA from An. gambiae s.s. individuals, demonstrating expression of the 16S rRNA gene, and indicating amplification is more likely of bacterial gene origin, rather than through integration into the host genome. However, these results are consistent with previous studies in which every Wolbachia 16S rRNA amplicon and sequence attributed to An. gambiae is unique and appears at very low titre [29] .
The densities of the wAnsX and wAnMe strains (measured using qRT-PCR) are significantly higher than resident Wolbachia strains in An. gambiae s.s. (which were not detectable using this assay targeting the 16S rRNA gene). However, caution is also required for the wAnsX strain as we only collected one individual of this Low pathogen prevalence rates are also limiting factors in assessing the effect of natural strains of Wolbachia on arboviruses in wild mosquito populations [55] . In addition to looking at effects on Plasmodium prevalence in field populations, further work should look to undertake vector competence experiments with colonised populations and to determine if these Wolbachia strains are present in tissues such as the midgut and salivary glands which are critical to sporogony. Furthermore, an assessment of how these Wolbachia strains are being maintained in field populations is needed, and to determine if the CI reproductive phenotype can be induced by these strains (despite no evidence for this from our PCR analysis).
Conclusions
The discovery of two additional novel Wolbachia strains in Anopheles mosquitoes, present at higher density than resident strains in An. gambiae s.s. in Guinea, provides further evidence of the under-reporting of natural strains in the Anopheles genus. Although the debate continues over the biological significance (or even presence of natural strains in the An. gambiae complex), this study provides strong evidence of two additional novel strains with higher density infections. Candidate Wolbachia strains for mosquito biocontrol strategies require synergistic phenotypic effects to impact the transmission of mosquito-borne pathogens and further studies are needed to determine if these strains would induce CI and what effects they may have on host fitness.
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